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Introduction

26
Transportation agencies strive to minimize the risk of cracks in structural concrete, as damaged 27 structures accelerate deterioration resulting in increased maintenance costs and reduced service properties, is at the basis of virtually every approach for modeling crack initiation and 32 propagation. Indeed, advanced modelling approaches taking into account the formation of cracks 33 as well as their propagation necessarily require several time-dependent material properties to be 34 known, such as e.g., tensile strength, elastic modulus, Poisson's ratio, and volumetric 35 deformations as well as fracture properties [5, 6] .
36
While most of the aforementioned properties can be more or less easily measured as a function of 37 time, the determination of the early-age volumetric deformations such as drying shrinkage, creep, 38 and/or relaxation at a given hydration degree is more complicated [7] . Indeed, at early-age the 39 microstructure of cement-based materials is continuously evolving due to hydration, which may 40 interfere with an accurate determination of such long-term properties [7] . Further, even in the 41 case in which the testing time required to measure material properties, such as e.g. the elastic 42 modulus or the tensile strength, is short enough to neglect microstructural changes due to 43 hydration, additional limitations may be encountered at early-age. For example, the assessment of 44 the dependency of material properties on the moisture content or changes in temperature at early-45 age is challenging. In fact, the introduction or the withdrawal of water as well as a change in 46 temperature at early-age may result in a change in the microstructure evolution.
Recently, a technique based on the replacement of unreacted binder by quartz to produce mixture at a given hydration stage [8] . Once all the remaining binder has completely reacted, the 54 equivalent mixture represents a static system, whose microstructure does not change over time 55 and/or testing [8] . In the equivalent systems, the binder is assumed to have completely reacted 56 after 3 months of curing in moist conditions [7] . The volume fractions of unreacted binder to be 57 replaced as a function of time are determined from the real mixture, for example through 58 quantitate X-ray diffraction using Rietveld analysis. In this study, five hydration stages are 59 investigated, corresponding to five hydration ages (namely 1, 3, 7, 28, and 91 days). At those 60 ages, the volume fraction of the unreacted cement was calculated from the real mixtures. More M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
3 details regarding the determination of the volume fractions can be found in [8] . Afterwards, five 62 corresponding new equivalent mixtures were prepared.
63
A comprehensive and systematic comparison between the real systems and the equivalent 64 systems has been recently published [7] . This study, including both mechanical properties moisture content on the elastic modulus, tensile strength, and fracture energy at early-age. 
Materials, mix proportions and curing
95
One real and five equivalent mortar mixtures were compared in this study. The real mortar 96 mixture was prepared using an ordinary Portland cement (OPC) CEM I 52.5N with a density of 97 3.13 g/cm 3 . The following mineralogical composition (by mass) was measured by quantitative X-98 ray diffraction: 61.2% C 3 S, 16.2% C 2 S, 6.6% C 3 A, 10.5% C 4 AF and 1.8% CaSO 4 . The oxide 99 composition of the OPC is shown in Table 1 .
100
The sand used to prepare the mortar mixtures had a density of 2.65 g/cm 3 , average grain size D50 with a density of 2.65 g/cm 3 and a particle size distribution comparable to that of the cement [7] .
111
The water-to-solid ratio and sand volume were kept constant at each equivalent age and were
112
identical to those of the real mortar mixture. The cement and sand used to prepare the equivalent 113 mortar mixtures are the same as for the real mortar system. The mixture proportions (by volume)
114
of the real and equivalent mortars are shown in Table 2 . The experimentally-determined load-displacement curves from the CTT were employed to obtain 154 the fracture material properties through inverse analysis based on the cracked hinge model 
167
The CHM simulates the area directly surrounding the propagating crack using the loading and 
where E is the elastic modulus, ε elastic strain, and σ w (w) stands for the stress-crack opening 
for i < N and
with N equal to the number of lines in the softening curve.
181
The inverse analysis to determine the tensile strength, Young's modulus, and cohesive relation 182 consists then of three steps that are repeated until convergence is reached. In the first step the
183
Young's modulus is determined from the experimental data corresponding to the elastic loading.
184
Once the Young's modulus is found, the tensile strength and the first descending branch of the reproducing a given hydration age. On the other hand, the real mortars were tested at the actual 229 age indicated.
230
In general, the load-displacement curves as a function of the hydration age for all specimens 231 tested show a similar shape, which is typical for quasi-brittle materials, i.e. they exhibit moderate 232 strain hardening prior the attainment of the peak load, followed by rapid strain softening [25] .
233
Nevertheless, the area below the curve increases as the hydration age increases. Similarly, the 234 peak load is a function of the age: the highest peak load is obtained for 91 d old mortars (ranging 235 between 310 and 340 N) while the lowest peak load was measured on the 1 d old specimens
236
(approximately 140 N).
237
In general, it can be observed from the presented results that the equivalent mortar specimens 238 follow the load-displacement behavior exhibited by the real mortars as a function of time.
239
Excellent agreement between the measured load-displacement curves are observed for mortars at It should be also emphasized that the slight deviation seen in the real specimen at 91days at the 252 beginning of the post-peak phase can be due to the testing method such as a shift of the clip gage. Pillai test was 0.66), whereas the specimen age was found to be a significant factor (P-value 269 below 0.01).
270
The actual differences between the real and the equivalent mortars will be discussed more in 271 detail with regard to the materials properties investigated (elastic modulus, tensile strength, and 
Inverse Analysis
279
Results of the inverse analysis are shown in Figure 5 , in which experimental and modelled load- 
296
Comparable results in terms of elastic modulus and fracture energy were found for the real and 
Crack mouth opening [mm]
OPC equiv. 91d 1 exp.
OPC equiv. 91d 1 sim.
OPC equiv. 91d 2 exp.
OPC equiv. 91d 2 sim.
OPC equiv. 91d 3 exp.
OPC equiv. 91d 3 sim.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
13
The tensile strengths of the real and the equivalent mortars are also comparable, ranging 309 approximately from 1 to 2.5 MPa for the equivalent ages investigated in this study.
310
The two-way analysis of variance on the test results obtained by inverse analysis taking into 311 account the whole evolution of the elastic modulus, tensile strength and fracture energy showed 
359
Results of the mesh analysis, given in Figure 9 , indicate that the influence of the crack interface 360 discretization was negligible (<0.1% difference between the different mesh sizes) for more than 361 20 crack interface elements. Accordingly, the crack interface was discretized with 100 elements 362 for all solutions.
363
The input data, i.e., elastic modulus, tensile strength, and cohesive relations, were obtained from 364 the inverse analysis of experimentally determined load-displacement curves at the different 365 hydration ages; see Section 4.1 -Load-displacement curve. While the Poisson's ratio ν was 366 assumed to be 0.2, it has no influence on the results, due to the geometry that is close to plane 367 stress conditions. An overview of the input parameters for all simulations is provided in Table 3 . In Figure 10 , the experimentally-determined load-displacement curves of the equivalent mortars OPC equiv. 3d exp. OPC equiv. 3d sim. OPC equiv. 28d exp. OPC equiv. 28d sim.
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In Figure 12 , the evolution of the crack initiation and propagation during CTT for two different Figure 12a and Figure 12b , respectively.
415
In Figure 12 , the displacement interpolated at the facets overlay on top of the documented area is 416 also shown. However, it should be noted that the facets overlay is here solely used to better 417 visualize the crack initiation and propagation.
418
To directly compare the crack initiation and propagation in the real and equivalent mortars during properties such as drying shrinkage, creep/relaxation, early-age cracking, and transport properties at early age. Recently, the early-age ultimate drying shrinkage of cement-based mortars was investigated through the use of the equivalent systems [28] . shown in Figure 1 were prepared. Three specimens repetition at each equivalent age were tested.
467
Those ages were chosen as the microstructure and hence the material properties are quite 468 different.
469
After 3 months curing, the samples were placed in an oven at 50 °C for about 1 month. It should are observed for the fracture energy, which also increases for lower moisture contents; however,
488
it should also be noted that the standard deviation associated with the results from the dried 489 specimens is much higher.
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It should be noted that in real field exposures, especially at early age when the concrete is more 491 susceptible to cracking, drying will induce on one hand the shrinkage and hence an increased 492 cracking potential in restrained conditions, but on the other hand drying will also increase the 493 tensile strength of the skin concrete. 
Conclusions
501
In this paper, the validation of the equivalent system technique applied to OPC mortars has been 502 extended to the determination of fracture properties. The elastic modulus, tensile strength, and Finally, the DIC technique revealed that crack initiation and propagation evolved similarly in the 523 two systems at similar load levels.
524
Experimental results suggest that the equivalent approach is a powerful method to investigate 525 hydration-dependent and/or moisture-dependent properties. The use of the equivalent approach 526 indeed allows investigations at early age that are otherwise difficult or impossible to perform 527 because of the ongoing hydration while on the other hand moisture-dependent testing requires 528 drying.
529
To this end, the effect of the moisture content on the elastic modulus, tensile strength, and 530 fracture energy at early-age was investigated. The tensile strength at all ages appears to be the 531 most sensitive to the presence of moisture, increasing systematically upon drying. Despite a less 532 pronounced difference, also the fracture energy seems to increase as the moisture level decreases.
533
On the other hand, the elastic modulus does not seem to be affected.
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